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Introduction
Fungal phytopathogens are responsible for significant losses to the agricultural, horticultural and forestry industries globally. In addition to the established phytopathogens that these industries manage, there is also the threat of emerging pathogens. One such emerging disease was observed in 1999, infecting wheat in Queensland, Australia (Wildermuth et al., 2001) . This disease resulted in bleached and shrivelled grain-heads, and was described as white grain disorder (WGD) (Wildermuth et al., 2001 ). This disease is now observed across the Eastern, and more recently Western wheat growing regions of Australia (Evans, 2013, Thomas and Jayasena, 2015) .
The causal agents of WGD were phenotypically classified as Botryosphaeria zeae, in the class Dothideomycetes (Wildermuth et al., 2001) . Using molecular markers and morphological comparisons, we recently demonstrated that the causal agents of WGDfungi are in fact three separate species within the genus Eutiarosporella, classified as Eutiarosporella darliae, E. pseudodarliae, and E. tritici-australis (Thynne et al., 2015) .
How or why three separate species emerged in a similar time frame to all cause an apparently novel disease in wheat is still a matter of speculation.
At the time when this disease was initially described there was little to no published sequence data available for this genus. Increased sampling, however, has led to the routine identification of new species from Eutiarosporella and sister genera internationally (Crous et al., 2006 , Jami et al., 2012 , Jami et al., 2013 , Thambugala et al., 2014 , Crous et al., 2015 . Although fungi of the family Botryosphaeriaceae are usually found in association with woody plants, some identified species were isolated from grasses (Sutton and Marasas, 1976 , Thambugala et al., 2014 , Crous et al., 2015 . This indicates that Eutiarosporella fungi have a history of interacting with grasses.
Whilst many aspects of this disease remain unknown, field pathology studies have demonstrated that the WGD-Eutiarosporella spp. produce ascospores in the field . This is significant as it is believed that a population of fungal phytopathogens has a greater adaptive potential if able to share and generate genetic diversity through sexual reproduction (McDonald and Linde, 2002) . Abundant genetic diversity among pathogen populations can assist in overcoming strong selective pressure, such as fungicides or host-resistance. As such, it is important to understand how an emerging pathogen reproduces, in order to gain insight into its evolutionary potential (McDonald and Linde, 2002) . This knowledge can assist in tactical disease management strategies (e.g. take steps to minimise the risk of resistance breakdown in host-cultivar breeding lines or overuse of single-mode of action fungicides) (McDonald and Linde, 2002) .
Sexually reproducing Dothideomycetes are either homothallic (self-fertile) or heterothallic (non-self-fertile) (Yun et al., 1999 , Waalwijk et al., 2002 , Bennett, et al., 2003 , Yun et al. 2013 , Bihon et al., 2014 , Bolton et al., 2014 , Marsberg et al., 2016 .
Whether a species is homo-or heterothallic is determined genetically at the mating type locus (MAT locus) where the presence or absence of two genes, alpha-box encoding MAT1-1-1 and HMG-box encoding MAT1-2-1, are known to regulate sexual reproduction. (Metzenberg et al., 1990 . In heterothallic Dothideomycetes, individuals carry either MAT1-1-1 or MAT1-2-1 at their MAT locus, and require the alternate idiomorph in another individual in order to sexually reproduce (Yun et al., 1999 , Bennett et al., 2003 , Waalwijk et al., 2002 , Bihon et al., 2014 , Bolton et al., 2014 .
On the other hand, homothallic fungi generally carry both MAT1-1-1 and MAT1-2-1 at the MAT locus (Yun et al., 1999 , Yun et al., 2013 , Marsberg et al, 2016 . In recent years, next generation genome sequencing has enabled the rapid identification of conserved MAT loci among fungal species (Bihon et al, 2014 , Bolton et al., 2014 , Marsberg et al., 2013 . As such, it is now much easier to identify and characterise the mating system of an emerging phytopathogen.
We sought to identify and describe the composition of the mating-type locus and associated genes in the three wheat infecting Eutiarosporella spp. to determine whether they are homo-or heterothallic. These analyses revealed that E. tritici-australis is heterothallic whilst both E. darliae and E. pseudodarliae were homothallic. Sequence analysis revealed that unlike in the Mat1-1-1 E. tritici-australis isoaltes, the Mat 1-1-1 gene in E. darliae and E. pseudodarliae was not present in the MAT locus but was embedded within another distal gene. Further analysis of the Mat1-1-1 location in E.
darliae and E. pseudodarliae uncovered a series of biologically relevant chromosomal rearrangements that prompted additional growth assays. These analyses shed light on the evolution of WGD-Eutiarosporella species.
Material and methods

Isolate sampling and DNA extractions.
Wheat grain, reportedly infected with Eutiarosporella tritici-australis, was provided by Marg Evans, South Australian Research and Development Institute (SARDI). Fungi were isolated from the surface sterilised grain on tap water agar (TWA). All isolates of fungi used were sub-cultured onto potato dextrose agar (PDA)(Difco, USA) with plugs of mycelia covered agar. These were incubated at 23°C with 12 hour light/dark cycles.
Attempts to produce ascospores on wheat (with both pure and mixed isolate inoculum), under 12-hour light/dark cycles. Samples were examined and fruiting structures were screened periodically for over a month. No ascospores were observed from any fruiting structures in E. darliae and E. pseudodarliae. DNA was extracted from mycelia scraped from the PDA plates using a QIAGEN DNeasy Plant Mini Kit (QIAGEN, Netherlands). For the MinIon sequencing, high molecular weight DNA was extracted using a modified C-TAB, phenol/chloroform method by Fulton et al. (1995) . The full protocol detailing all steps and buffers used is publically available at dx.doi.org/10.17504/protocols.io.hadb2a6. Fungal mycelia used for the extraction was scraped from the surface of a PDA plate and freeze dried for 24 hrs. Approximately 100mg of dry weight tissue was used as the starting material. DNA was further purified using Agencourt AMPure XP magnetic beads (Beckman Coulter, AUS).
Genome sequencing and assembly
Illumina paired-end sequencing was performed using a HiSeq™ 2000 (Illumina, USA) in the Bimolecular Resource Facility at The Australian National University. Raw reads were deposited with the NCBI BioSample Database (Accessions: SAMN06075484, SAMN6075485, and SAMN06075486). These reads were quality trimmed using Trimmomatic v0.27 (Lohse et al., 2012) and de novo assemblies were generated with SPAdes v2.5.0, with -k mer values 21, 33, 55, and 77 (NCBI BioProject PRJNA400815) (Bankevich et al., 2012) . The three Illumina Eutiarosporella genomes are supplied in Files S1-S3 along with Table S1 which contains genome assembly statistics (Parra et al., 2007) . Gene sets for each species were predicted and annotated with the MAKER genome annotation pipeline (Cantarel et al., 2008) . Annotations were visualized in within Geneious v7.1.8 (Biomatters, New Zealand). The gene sets from Botryosphaeria dothidea v1.0 (http://genome.jgi.doe.gov/Botdo1_1/Botdo1_1.home.html) (Marsberg et al., 2016) and Parastagonospora nodorum SN15 v2.0 (http://genome.jgi.doe.gov/Stano2/Stano2.home.html) were used for training genes.
PCRs were performed in 20μl reactions using Ex Taq (TaKaRa, Japan) polymerase with the program: (95°C, 2', 35×(90°C, 30'', 58°C, 30'', 72°C, 1')). Sequencing was performed using BigDye terminator (Applied Biosystems, USA) with the standard protocol. Sanger sequencing was performed at the Australian Genome Research Facility at The Australian National University.
For the MinIon sequencing, a high molecular weight DNA library for the Oxford Nanopore MinIon was prepared using 1D SQK-LSK108 Ligation sequencing Kit R9 Version (Oxford Nanopore, UK). Sequencing was performed on an R9.5 flow-cell with MinKNOWv1.6.11 (Oxford Nanopore, UK). Raw fast5 were base called with Albacore v1.2.1, with the following specific options; -c r95_450bps_linear.cfg -r -o fastq. Fastq files were corrected with Canu v1.5 and BLASTn was used to find the MAT locus amongst the fastq files (Altschul et al., 1990 , Koren et al. 2017 . The MAT locus harbouring read is supplied in File S4 along with a gff file containing annotations.
Growth assay
The ability of E. pseudodarliae to metabolise glycosylated amino acids was assessed by comparing its growth to E. darliae on two different agar minimal media (MM) comprised of 10mls/L of 100× trace nutrient stock, 8.3g/L of glucose, 10mM of nitrogen source, and 1.2% of Bacto agar (Difco, USA). The first MM was made with glutamate as the nitrogen source. The second MM was made with lysine as the nitrogen source. We were unable to source pure glycosylated lysine or valine, so instead we boiled glucose+lysine MM to begin the Maillard reaction (indicated by browning of media) (Ajandouz et al., 2001) . It was assumed to be a crude mixture of glycosylated and unglycosylated lysine. The lysine MM was boiled for 30 minutes prior to autoclaving to ensure the resulting media is well caramelised. Both MMs were autoclaved to sterilise.
Plugs of mycelia covered agar from PDA plates were inoculated onto plates of each MM.
Plates were incubated at 23°C with 12-hour light/dark cycles. The radial growth diameter of the fungi was measured at five days post inoculation (DPI).
Mating type analyses
The positions of the four putative MAT locus genes observed in the Botryosphaeriaceae species (MAT1-1-1, MAT1-1-4, MAT1-2-1, and MAT1-2-5) (as described by Bihon et al. (2014) ) were located on the genomes of M. phaseolina, B. dothidea, N. parvum, E. darliae, E. pseudodarliae (E. dactylidis) , and E. tritici-australis using tBLASTn (Altschul et al., 1990) within Geneious v7.1.8 (Biomatters, New Zealand) with default settings. Annotated MAT amino acid sequences for the Botryosphaeriaceae spp., Diplodia pinea (Bihon et al., 2014) were obtained from the GenBank database (MAT1-1-1 (gb|AHA91692.1) and MAT1-2-1 (gb|AHA91681.1)), were used as queries for the search. To compare the syntenic arrangement of the genes surrounding the MAT loci, predicted gene sequences from this locus within the Eutiarosporella spp.' genomes were used as queries for BLASTn and tBLASTx (no e-value cut-off) searches of each of the other genomes (Altschul et al., 1990) . Where appropriate, nucleotide alignments between genomes were performed using Mauve v2.3.1, with default settings as implemented in Geneious v7.1.8 (Darling et al. 2004) . Mating type gene composition in the E. tritici-australis isolates were determined using primers for MAT1-1-1 and MAT1-2-1, designed on the WGD-Eutiarosporella genomes (Table S2 ).
Results
The composition and location of MAT locus associated genes is varied among the
Botryosphaeriaceae spp..
The WGD-Eutiarosporella spp. produce ascospores in the field . To characterise the method of sexual reproduction used by these fungi (heterothallism or homothallism), the MAT locus, including the surrounding syntenic genes, were identified in the de novo assembled genomes of the WGD-Eutiarosporella spp. (Thynne et al. 2015) .
The composition of genes at the MAT locus in the Botryosphaeriaceae sp., Diplodia pinea was recently reported, including two additional "MAT" genes, MAT1-1-4 and a novel gene, MAT1-2-5 (Bihon et al., 2014) . These annotated nucleotide sequences were used as tBLASTx queries to identify homologues in the WGD-species. To compare the syntenic arrangement and conservation of this locus within the family, tBLASTx searches were also performed on Botryosphaeria dothidea (Marsberg et al., 2016) . The composition of genes at B. dothidea's MAT locus were also recently reported, classifying this species as homothallic (Marsberg et al., 2016) (Fig. 1) . Eight genes, inclusive of, and surrounding the MAT locus were used for syntenic-reference among each species (Fig. 1, Fig. S1 ).
These eight genes include a putative DNA lyase (DNA lyase), a gene encoding a protein with a COX6A domain (COX6A), a gene encoding a protein with an Apc5 domain (Apc5), a gene encoding a protein with a DUF 2404 domain (DUF2404), MAT1-2-5, MAT1-1-4, MAT1-2-1 and MAT1-1-1. All eight of the genes discussed above were present on a single scaffold in B. dothidea (Fig. 1, Fig. S1 ). All of the MAT locus schematics displayed in Figure 1 are partial windows of the whole scaffold they are located on (aside from the MAT locus for E. tritici-australis isolate V16-1, described below). The full length scaffolds, with nucleotide lengths denoted, are displayed in Figure S1 .
Within the three WGD-Eutiarosporella spp. there were several additional rearrangements that differed from B. dothidea. Seven of the eight genes were present on the same scaffold in E. tritici-australis Isolate 153. The exception was MAT1-1-1, which was not found within this genome assembly. E. darliae also contained seven of the eight conserved genes on a single scaffold. E. darliae, however, had one additional predicted gene between DNA lyase and COX6A. No homologous proteins or gene sequences were identified on the NCBI-NR database when this 204 nucleotide predicted gene was used as a BLASTx and tBLASTx query. Without expression data we are unable to comment on whether this is a real gene or an incorrectly annotated sequence. Unlike E. triticiaustralis Isolate 153, MAT1-1-1 was identified in E. darliae but was located on a different scaffold to the other seven syntenic genes. In E. pseudodarliae these eight genes were dispersed across three different scaffolds (Fig. 1, Fig. S1 ). DUF2404, MAT1-2-5, and MAT1-2-1 were all present in one scaffold and MAT1-1-4, DNA lyase, COX6A, and Apc5 were all present on a second. DUF2404 is located 14.5kb from the start of its containing scaffold, with 130kb following MAT1-2-1 (Fig. S1 ). Therefore, the two separate sets of genes are located apart on E. pseudodarliae's genome. Finally, MAT1-1-1 was found on a third scaffold, orthologous to E. pseudodarliae's sister species, E. darliae. The location of MAT1-1-1 in these two species is discussed further below.
E. tritici-australis is a heterothallic species.
Unlike E. darliae and E. pseudodarliae, no MAT1-1-1 gene was identified in the genome assembly for E. tritici-australis Isolate 153. We examined other isolates of E. triticiaustralis to determine whether some individuals harbour MAT1-2-1 and others MAT1-1-1. We isolated individuals of E. tritici-australis from WGD-infected grain harvested from South Australia. The ITS locus was amplified for each isolate (White et al., 1990 ) and the product sequenced, confirming that each isolate is E. tritici-australis (Table S3 ). We screened these individuals for the presence of either MAT1-1-1 or MAT1-2-1 using primers designed in conserved regions of E. darliae and E. pseudodarliae's MAT genes (Table S2 ).
In concordance with the genome assemblies for the species, MAT1-2-1, and MAT1-1-1 were both amplified from E. darliae Isolate 2E2 (DAR 82491) and E. pseudodarliae Isolate HR599118 (DAR 82489) ( Fig. 2A) . Similarly, only MAT1-2-1 was amplified from the genome sequenced isolate E. tritici-australis Isolate 153 (DAR 82485). We were unable to amplify MAT1-1-1 from Isolate 153. Excluding Isolate 153, we used PCR to screen an additional 15 isolates of E. tritici-australis for their mating type genes. Four of these 15 isolates were identified as MAT1-2-1 (Table S3) . A representative MAT1-2-1 amplification product from Isolate V6-1 was sequenced, confirming it as MAT1-2-1 (GenBank accession: KY587365). The remaining 11 isolates of E. tritici-australis were identified harbouring MAT1-1-1 (Table S3 ). These are represented in Fig. 2A by Isolates V2-1 and V16-1. The PCR amplification product for these two isolates resolves on the gel slightly higher than E. darliae and E. pseudodarliae's MAT1-1-1, which have an expected product size of 501bp ( Fig. 2A) . Sequencing confirmed the product to be MAT1-1-1 (GenBank accession: KY587366). Subsequent alignment of E. tritici-australis MAT1-1-1 with E. pseudodarliae and E. darliae's MAT1-1-1 gene revealed it to be 63bp longer that DNA that E. pseudodarliae and E. darliae's sequence (Fig. 2B ) thus explaining the band size discrepancy observed in Fig. 2A .
We next sought to confirm that the MAT1-1-1 sequence was a true idiomorph. After several failed attempts at long-range PCR we re-sequenced E. tritici-australis Isolate V16-1 with the Oxford Nanopore MinIon. From the corrected-base called reads we were able to recover a single 14.8 kb read that harbours six of the eight MAT loci associated genes discussed for the other species (Fig. 1) . The two missing genes were MAT1-2-1 and Apc5. Within this read, MAT1-1-1 is flanked by MAT1-4-1 and MAT1-2-5 (Fig. 1, Fig. S1 ).
The arrangement of the additional MAT genes surrounding either MAT1-2-1 or MAT1-1-1 is similar to the predicted idiomorphs from the heterothallic relative D. pinea (Bihon et al., 2014) . These data demonstrate that E. tritici-australis is heterothallic with isolates harbouring either MAT1-1-1 or MAT1-2-1, whereas E. darliae and E. pseudodarliae are homothallic.
3.3 Within the genomes of E. darliae and E. pseudodarliae, MAT1-1-1 is harboured within the middle of a transcription factor gene, distal to the MAT locus.
MAT1-1-1 is located within a syntenic location in the genomes of E. darliae and E.
pseudodarliae, distal to the described MAT locus. In both species, MAT1-1-1 is located in the middle of the coding sequence of a gene predicted to encode a protein with a fungalspecific transcription factor domain (FSTF, PFAM domain 11951). We are confident in the assembly placement of MAT1-1-1 to this locus as paired-end reads tile across these genes (SAM files and corresponding fasta files supplied -Files S5.1-S5.2 and S6.1-S6.2).
We identified orthologs of the FSTF gene, and adjacent genes, on a syntenic scaffold in two other species, E. tritici-australis Isolate 153, and B. dothidea (Fig. 3A) . MAT1-1-1 was not located at this locus in either of these two species.
In E. pseudodarliae there were 459bp of DNA upstream of the start codon for MAT1-1-1 as well as 927bp downstream of the stop codon that were not part of either the mating type gene or the fungal transcription factor (Fig. 3B,C) . We used this surrounding DNA as BLASTn and tBLASTx queries to identify homologous DNA in E. tritici-australis isolate 153 and at other loci in E. pseudodarliae. 135bp of the DNA upstream of MAT1-1-1 was homologous to DNA from upstream of MAT1-1-4 in both species (Fig. 3B) . The BLAST-hit in E. tritici-australis isolate 153 had an e-value of 1.74e -16 and shares 72.1% pairwise identity. In E. pseudodarliae, the BLAST hit for this locus had an e-value of 7.29e -22 and a shared 91% pairwise identity with this MAT1-1-4 locus DNA (Fig. 3B,C) . The first 408bp
downstream of the MAT1-1-1 had no significant BLASTn hits (e-value 1e -5 ). The next 533bp of the DNA had a BLAST hit that matched DNA from MAT1-2-5, and its 5 border, in E. tritici-australis Isolate 153 (top e-value 224e -30 ). This 533bp region was used as a BLASTn query to search E. pseudodarliae's genome. The two most closely aligned sequences were the 3 border of MAT1-1-1, from which the query originated, and MAT1-2-5, and its 5 border. The query DNA shares 89% pairwise identity with the latter (Fig.   3B,C) . Therefore, the MAT1-1-1 gene in E. pseudodarliae is surrounded by intergenic DNA upstream of MAT1-1-4 and fragments of MAT1-2-5. These results describe a MAT locus with a similar gene arrangement to the MAT1-1-1 idiomorph from E. triticiaustralis isolate V16-1 (Fig. 3C ). E. pseudodarliae's MAT 1-1-1 locus was used in Figure 3 B and C, and not E. darlie's as the latter species has additional rearrangements at this locus separating the two FSTF fragments. We discuss the implications of these gene arrangements below.
E. darliae and E. pseudodarliae have highly plastic genomes surrounding their MAT1-
1-1-loci
Aside from the insertion of MAT1-1-1 within the FSTF, a number of significant gene rearrangements within this genome region were observed. In E. darliae, half of the FSTF gene and the neighbouring genes are present on a different scaffold (Fig. 3A) . Because of the fragmented nature of the genome assembly, we could not determine whether these genes are linked to the scaffold containing the other half of the FSTF gene, which is interrupted by MAT1-1-1. However, neither half of the FSTF are at the end of a scaffold.
The half adjacent to MAT1-1-1 is approximately 12kb from the end of the scaffold (Fig.   S1 ). Similarly, the other half is approximately 6kb into a scaffold. Therefore, even if the scaffolds were linked, the two gene fragments are separated. In E. pseudodarliae, the fragments of the FSTF gene are still present both up and downstream of the inserted MAT1-1-1. However, one of the predicted neighbouring genes was cleaved, with only a partial remnant of the coding sequence left at this original locus. The remainder of the gene was found within the genome assembly syntenic with the other neighbouring genes (Blue checkered gene (*) in Fig. 3A) . Interestingly, these rearranged genes are still on the same scaffold, although over 38kb away, and in inverse orientation (Fig 3A, Fig.   S1 ). This cleaved neighbouring gene remains intact in the genome of E. tritici-australis and E. darliae.
In order to determine the function of the cleaved gene, the predicted coding sequence from E. tritici-australis was used as a BLASTx query against the NCBI non-redundant database. Best-BLAST-hits included genes functionally annotated as encoding fructosyl amine oxidases (e-value of 5e -166 and 63% sequence identity to Aspergillus oryzae (Akazawa et al., 2004) . Fructosyl amine oxidases are involved in enzymatic deglycation (removal of the sugar) from glycosylated amino acids (Akazawa et al., 2004) .
Glycosylated amino acids are a product of the Maillard reaction when reducing sugars react with amino acids (Akazawa et al., 2004) . As such, we hypothesised that E. pseudodarliae's metabolic capabilities might be altered by the cleavage of this gene. This gave us an opportunity to functionally test whether the genome rearrangements near the MAT1-1-1 insertion were real or alternatively mis-assembled regions of the genome.
To test this hypothesis the two sister-species, E. darliae and E. pseudodarliae, were grown on MM containing glycosylated amino acid (boiled glucose and lysine) as a nitrogen source (Ajandouz et al., 2001) . These fungi were also grown with glutamate as a nitrogen source as a control and radial growth was measured after five days post inoculation (DPI). There was no significant difference in radial growth of E.
pseudodarliae and E. darliae on MM with glutamate (Fig. S2) . However, radial growth was reduced for E. pseudodarliae on MM with boiled lysine suggesting a reduced ability to metabolise glycosylated amino acids. This suggests that the genome assembly in this region is correct.
Discussion
Much remains unknown about the emergence of WGD as a wheat disease in Australia.
The aim of this study was to develop our understanding of the relationship among isolates of the WGD-Eutiarosporella spp. and to determine the composition of mating type genes in these species. According to the composition of MAT genes we found that two of the species, E. pseudodarliae and E. darliae are homothallic, whereas the third species, E. tritici-australis, is heterothallic. Most homothallic Dothideomycetes harbour both mating type genes, MAT1-1-1 and MAT1-2-1, at the MAT locus. In E. darliae and E. pseudodarliae, however, MAT1-1-1 is located distally to the MAT locus.
There are other known Dothideomycete species whose MAT genes are not restricted to the MAT locus. The homothallic species, Cochliobolus cymbopogonis harbours both MAT genes but in unlinked loci (Yun et al., 1999) , similar to our observations with E. darliae and E. pseudodarliae. How homothallism arose in C. cymbopogonis remains obscure (Yun et al., 1999) . Similarly, MAT-gene sequences are also observed removed from the MAT locus in the heterothallic species, Cercospora beticola (Bolton et al., 2014) .
In this species each isolate harbours fragments of MAT1-1-1 and MAT1-2-1 throughout the genome, in addition to a complete MAT locus (Bolton et al., 2014) . These fragments of the MAT genes, however, did not contain introns, providing evidence that they were likely integrated from an RNA transcript (Bolton et al., 2014) . In our analysis, we showed that MAT1-1-1 is distal to the MAT locus in E. darliae and E. pseudodarliae.
However, unlike in C. beticola's dispersed MAT genes, the two Eutiarosporella spp.'s MAT1-1-1 retained their intron sequence. Non-coding DNA homologous to DNA from the MAT locus is also present at the new locus, as well as partial fragments for the secondary
MAT-gene, MAT1-2-5, discussed further below.
E. darliae and E. pseudodarliae are sister species that share very similar morphological characteristics (Thynne et al., 2015) . Herein, we show that these species carry MAT1-1-1 in a syntenic genome location, within a fungal specific transcription factor. Therefore, the insertion of MAT1-1-1 to its new locus most likely occurred in a common ancestor. Another Eutiarosporella spp., E. dactylidis, an isolate identified from dead grass in (Thambugala et al., 2014) resolves in a monophyletic clade with E. pseudodarliae (comparing the ITS and EF1-α) (Dissanayake, 2016) . Due to their close relationship, it is likely that E. dactylidis also shares MAT1-1-1 insertion, but with no genome sequence for E. dactylidis currently available, this cannot be confirmed.
However, the sexual state has been observed for E. dactylidis in single-spored culture, indicating that this species is functionally homothallic, which provides circumstantial evidence to support our hypothesis.
In comparison with E. darliae and E. pseudodarliae, the third WGD species, E. triticiaustralis is heterothallic. Heterothallism has been demonstrated to be the ancestral state in other Dothideomycete genera where both heterothallic and homothallic species are observed. Yun et al. (1999) described the MAT loci of a number of homothallic and heterothallic Cochliobolus spp.. In this study they show that the organisation of genes at the MAT loci within heterothallic spp. was conserved, whereas the organisations of genes at the MAT loci of the homothallic spp. were each unique. Based on these results, they proposed that homothallism arose from an unequal crossing-over event, resulting in both MAT genes present within a single individual at the same MAT locus (Yun et al., 1999) . Such events are considered to be infrequent as sex determination genes across eukaryotic organisms are generally in regions of the genome which have supressed recombination (Idnurm, 2011) . Unlike the homothallic species reported by Yun et al. (1999) , the homothallic-like species E. darliae and E. pseudodarliae do not appear to carry their MAT1-1-1 genes near the MAT locus. Below, we consider an alternative model whereby MAT1-1-1 and surrounding DNA originated from a heterothallic MAT1-1-1 MAT locus (Fig. 3) .
In B. dothidea, a homothallic Botryosphaeriaceae spp. (Marsberg et al., 2016) , MAT1-2-1 is downstream from MAT1-1-1 (Fig. 1) . The gene arrangement at the MAT locus in each of E. darliae and E. tritici-australis is syntenic with the MAT locus genes in B. dothidea, aside from lacking MAT1-1-1. Hypothetically, if MAT1-1-1 was once present in the WGDspecies' MAT loci, it would likely have originated from downstream of MAT1-2-1. (Fig. 3B,C) . The gene arrangement of MAT1-1-4 followed by MAT1-1-1, and followed by MAT1-2-5 is strikingly similar to that observed in the MAT loci of the heterothallic WGD species, E. tritici-australis (Fig. 3C) . The gene arrangement at the MAT1-1-1 idiomorph in E. tritici-australis isolate V16-1 was demonstrated as MAT1-1-4 followed by MAT1-1-1 followed by MAT1-2-5 (Fig. 1, Fig. 3C ). The MAT1-2-1 idiomorph in isolate 153 contained MAT1-1-4 followed by MAT1-2-1, followed by MAT1-2-5 (Fig. 1, Fig. 3C ). The MAT1-1-1 orientation in isolate V16-1 is similar to the gene arrangement observed at the MAT1-1-1 locus of E. pseudodarliae (Fig. 3C) . Similarly, the (Fig. 1, Fig. 3C ). As such, the two MAT locus variants from the homothallic WGD-species ( Fig. 3C; MAT1-2-1 represented by E. darliae and MAT1-1-1 represented by E. pseudodarliae) resemble the MAT loci of two alternative heterothallic individuals. We hypothesise that the insertion of MAT1-1-1 (and surrounding DNA) in E. darliae and E. pseudodarliae arose via the integration of DNA from a MAT1-1-1 heterothallic individual. This is very similar to other Ascomycete fungi such as Neosartorya fischeri and Eupenicillium crustaceum (Rydholm et al., 2007 , Poggeler et al., 2011 . In both these species, the two MAT idiomorphs are not linked, and it was proposed that homothallism arose in each from recombination between two heterothallic individuals (Rydholm et al., 2007 , Poggeler et al., 2011 . The proposed model is that recombination during meiosis resulted in the transition from heterothallism to homothallism, citing similarity to the event proposed in the generation of homothallic Cochliobolus species (Yun et al., 1999 , Rydholm et al., 2007 . However, instead of an unequal crossing-over resulting in linked or fused MAT genes (Yun et al., 1999) , during meiosis DNA from one MAT idiomorph was translocated to a new, distal locus (Rydholm et al., 2007) . We hypothesise that this is likely how the homothallic Eutiarosporella lineages were generated.
However, there is no fragment of MAT1-2-1 at the new MAT1-1-1 locus, only fragments of MAT1-1-4 and MAT1-2-5
MAT1-2-1-locus is similar between E. darliae and E. tritici-australis
Because E. tritici-australis remains a heterothallic species, credence is leant to the hypothesis that all of these species might have once been heterothallic. Figure 4 presents a model as to how the three WGD species may have arisen from a single ancestral heterothallic population. After the integration of the MAT1-1-1 DNA, E. darliae and E. pseudodarliae's ancestral species underwent sympatric speciation through selfing.
In comparison, E. tritici-australis remained heterothallic. Further examination of the mating type systems in closely related Eutiarosporella spp. could shed light on the evolution of mating type systems in the genus. It will also be interesting to determine whether transition to homothallism has provided a tangible lifestyle benefit to the species of this lineage. Perhaps a benefit is due to comparative ease of spread and sexual propagation to new locations, as homothallic species have the potential to generate a new, sexual population from a single spore.
While the insertion point of the MAT1-1-1 gene is conserved between E. darliae and E. pseudodarliae there are a number of significant within scaffold rearrangements surrounding the new MAT1-1-1-locus. The inversions and gene rearrangements observed among these species are similar to the intra-chromosomal rearrangements described as mesosynteny (Hane et al., 2011) . Mesosyntenic variation is frequently observed among Dothideomycete species (Hane et al., 2011 , Goodwin et al., 2011 , Ohm et al., 2012 and so it is consistent that mesosynteny would be observed in Botryosphaeriaceae spp.. The mechanisms that lead to mesosytenic gene rearrangement remain obscure although it is speculated that the process occurs during meiosis (Hane et al., 2011) . The lineage specific scaffold rearrangements in E. darliae and E. pseudodarliae at this locus bear the clear hallmarks of mesosynteny, with clear intra-chromosomal rearrangements.
An interesting parallel observation was that in E. pseudodarliae, but not E. darliae, these rearrangements cleaved a putative fructosyl amine oxidase. In E. darliae, intrachromosomal rearrangements moved the 5' FSTF fragment along with the entire fructosyl amine oxidase to a new locus, represented on a different scaffold to the MAT1-1-1 and 3' FSTF fragment harbouring scaffold. (Fig. S1(*) ). In contrast, within the genome of E. pseudodarliae, both FSTF fragments remained localised with MAT1-1-1. A 5' fragment of the fructosyl amine oxidase also remained at this locus, wheras the remainder of the gene was rearranged. Both FSTF fragments are represented on the same scaffold (Fig. S1(**)) . A functionally characterised homologue of this gene in Aspergillus oryzae is required for metabolism of fructosyl-valine and fructosyl-lysine (Akazawa et al., 2004) . These are products of the Maillard reaction, when reducing sugars glycosylate amino acids (Akazawa et al., 2004) . Our growth experiment on caramelised glucose and lysine MM demonstrated that E. pseudodarliae has reduced growth on this medium. Although this data is preliminary, it provides initial evidence that these gene rearrangements altered E. pseudodarliae's metabolic capabilities. We have not observed E. pseudodarliae-specific growth impairment under other conditions.
It is often assumed that species with larger and/or more equipped genomes may be better suited to survive under altered conditions or have greater adaptive potential (Raffaele and Kamoun, 2012) . Gene rearrangements could have unknown consequences and may have reduced the ability of these Eutiarosporella spp. to overcome certain evolutionary challenges. However, it remains unknown if the disruption of the fructosyl amine oxidase has affected E. pseudodarliae's fecundity or adaptive potential.
Conclusions
We have shown that both E. darliae and E. pseudodarliae each possess MAT1-1-1 and MAT1-2-1 genes and conclude that these species are homothallic. This is despite the fact that MAT1-1-1 is not localised within the MAT locus. In contrast, the third WGD-species, E. tritici-australis is likely heterothallic, with isolates harbouring either MAT1-1-1 or MAT1-2-1 at the MAT locus. We also present evidence that E. pseudodarliae and E. darliae potentially transitioned to homothallism via a cryptic DNA integration event between two heterothallic individuals. This opens interesting new questions about fungal speciation via genome adaptation events between closely related species or between individuals of the same species, as well as the genetic events that precede them.
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